ABSTRACT O'Farrell's technique of two-dimensional gel electrophoresis (2-DGE) has previously been applied to the study of intrapopulation genetic variation. This approach assays a larger, and in part nonoverlapping, cohort ofprotein encoding loci compared to conventional one-dimensional electrophoretic procedures (SGE) and has revealed substantially lower levels of mean heterozygosity. Here we extend this approach to analyze levels and patterns of genetic differentiation between species. We have used 2-DGE to compare an average of 189 polypeptides between six species of wild mice representing levels of evolutionary divergence ranging from different subspecies to different families. The magnitude of protein divergence estimated by 2-DGE was on the average only about one-half that predicted by SGE. This discrepancy may result from differences in sensitivities between the techniques or differences in the mean level ofvariation and divergence between the sets of loci assayed by the two methods. Nonetheless, the ranking of genetic distances by 2-DGE was identical to that by SGE. Thus, these results support the use of the simpler SGE techniques to estimate relative levels of genetic divergence.
Knowledge of the amount of genetic variation within and between natural populations is central to an understanding ofevolutionary processes. Most early attempts to assess genetic variability were based on analyses of segregation patterns in progeny of particular crosses, and they suffered from the inherent bias that only genes that exhibited variation could be recognized (1) . In the mid 1960s, one-dimensional electrophoretic techniques were applied to the problem of quantifying genetic variability and divergence in protein products of individual loci (2) (3) (4) (5) (6) (7) . Because these new techniques could sample an array of about 20-50 polymorphic and monomorphic loci, chosen without known bias with respect to level of variation, the temptation was great to extrapolate results to estimate total genomic variation. The assumption that the soluble proteins assayed by standard gel electrophoresis (SGE) provide a representative sample of the genome has recently come under increased empirical attack. The proteins assayed in conventional electrophoretic surveys may be biased toward a more variable class of gene products (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Two-dimensional gel electrophoresis (2-DGE), as introduced by O'Farrell in 1975 (17) , has allowed examination of a substantially increased number of protein-encoding loci. In 2-DGE, a mixture of denatured proteins is separated first on the basis of charge by isoelectric focusing and then on the basis of molecular weight by NaDodSO4 slab gel electrophoresis. The technique is capable of separating as many as 1100 individual peptides from crude cell extracts on a single gel (17) . The ability of 2-DGE to resolve most protein variation resulting from charge-change is well documented (17) (18) (19) , as is the typical Mendelian behavior of the variants examined to date (9, 13, 20, 21) .
2-DGE techniques have been used to assay membrane and other structural proteins in addition to some water-soluble, largely enzymatic, proteins assayed by SGE (8, 9, 13, 20) . In 2-DGE, proteins are detected by general protein stains, or by autoradiography, and represent the more abundant proteins of a cell or tissue. Hence, the proteins assayed by SGE compose a small and only partially overlapping set ofthe proteins assayed by 2-DGE. Recent applications of 2-DGE to the analysis of intrapopulation variation have revealed substantially less genic heterozygosity than had been estimated by SGE (8, (10) (11) (12) . As noted by Leigh Brown and Langley (8), these results again "throw open the question of the level of genetic variability in nature."
In this study, we extended 2-DGE techniques to analyze levels of genetic differentiation between populations. We examined protein divergence between six species of wild mice representing levels of evolutionary divergence ranging from different subspecies to different families. The objectives of this study are: (i) to assess the potential of 2-DGE for estimating genetic divergence and evolutionary relatedness; and (ii) to compare estimates of genetic differentiation based on 2-DGE with those derived from SGE, and to examine possible reasons for any disparity.
MATERIALS AND METHODS
Mice were live-trapped from natural populations in the following localities: (i) family Cricetidae-Peromyscus maniculatus, Union County, GA (n = 5), Rutland County, VT (n = 2), Curry County, OR (n = 3); Peromyscus leucopus, Union County, GA (n = 4); Peromyscus boylii, Amador County, CA (n = 1); Ochrotomys nuttalli, Clarke County, GA (n = 4); Sigmodon hispidus, Clarke County, GA (n = 4); (ii) family Muridae-Mus musculus, Pickaway County, OH (n = 4). Only adult, apparently healthy animals were used.
Samples for 2-DGE were prepared by grinding 100 mg of fresh liver in a glass tissue grinder containing 300 1.d of lysis buffer (17) . After centrifugation at 1000 x g for 10 min, the supernatant was drawn off and diluted to a final tissue-to-lysis buffer ratio of 1:8 (wt/vol). 
nuttalli (B).
A third gel (shown in C, diagrammed inD) contained a mixture of liver samples from the two species shown in A and B. Spots scored as unique to P. maniculatus or 0. nuttalli are indicated by "+" or "O," respectively. Spots scored as common to both species are indicated by solid shapes. Molecular weight standards (from Pharmacia) were phosphorylase b (94,000), bovine serum albumin (67,000), ovalbumin (43,000), carbonic anhydrase (30,000), and soybean trypsin inhibitor (20,100). a total of40 ,ul ofsample was loaded onto each gel and overlayed with 20 ,ul ofsample overlay buffer (17) . Gels were run for 8200 V-hr (usually at 510 V) followed by 1 hr at 800 V. The isoelectric focusing gels were stained according to the method described by Jackle (22) . This procedure allows visualization ofthe quality ofthe gel resolution and, by rapidly fixing the focused proteins, results in sharper spots in the second-dimension separation.
Discontinuous NaDodSO4 gel electrophoresis was carried out in 10% acrylamide (17) . Gels were run at 40 mA per gel for approximately 2.5 hr. Slab gels were fixed for 30 min in 50% methanol/10% trichloroacetic acid, stained for 40 min in the same solution containing 0.2% brilliant blue R, and destained in 25% methanol/10% acetic acid.
To facilitate comparisons among the protein "constellations," samples from each pair of organisms were run on 2-DGE gels both separately and in mixture. Gels were photographed with 35- and straightforward method of quantification of overall similarity, the total proportion of spots shared (F): F = 2nx,,/(nx + ny), in which nX and ny are the total number of spots scored for individuals x and y, respectively, and nXY is the number of spots shared by x and y. Hence 1 -F becomes a measure of genetic distance. It is important to note that F between pairs of individuals can likewise be calculated from SGE data, thus allowing a direct comparison with 2-DGE results. Also, for SGE gels, F appears to be empirically highly correlated (r = 0.99) with Nei's (29) measure of genetic identity, particularly at lower levels of genetic similarity (Table 1) .
Genetic similarities based on 2-DGE analyses also are presented in Table 1 . An average of 189 spots were scored per individual. Mean proportion ofshared spots (F) for 2-DGE ranged from 0.951 between Georgia and Vermont populations of P. maniculatus (different subspecies) to 0.504 between P. maniculatus and M. musculus (different families). Also listed in Table  1 are estimates of genetic similarity (F) based on SGE gels. These range from 0.806 to 0.061 in comparisons between subspecies and families, respectively.
Relationships between the 2-DGE and SGE estimates of genetic divergence are illustrated in Fig. 2 . Two important points are apparent. First, there is a nearly linear correspondence in the ranking of genetic distances by SGE and 2-DGE. In fact, for the six species of mice examined, the rank-order correlation between distances measured by the two methods indicates perfect concordance (r,-= 1.0). As discussed at length elswhere (23, 24) , these relative rankings of other species to P. maniculatus also are in strong agreement with current concepts about probable evolutionary relationships of these species as determined by classical systematic criteria not involving protein comparisons. Second, across the whole range of taxonomic levels examined, absolute levels of genetic divergence revealed by 2 cordant. In contrast, the absolute magnitude of genetic divergence revealed by 2-DGE appears to be much smaller than that suggested by the SGE data (on the average, about half as great). This decreased estimate of the extent of genetic differentiation is uniform over the whole range of taxonomic levels examined and is consistent with earlier 2-DGE estimates of protein distances between two subspecies of Mus (13) .
Why is there such a consistent and substantial difference between the estimates of differentiation derived from the two methods? With respect to heterozygosity, the question has been addressed in several recent papers (8, (10) (11) (12) 14) . We would like to discuss and elaborate on some of the points raised that are particularly relevant to our examination of genetic differentiation. Two general classes ofhypotheses, not mutually exclusive, can be advanced to account for the differences between results of SGE and 2-DGE: (i) the two techniques differ in sensitivity of detection of protein differences; and (ii) the two techniques are sampling from largely nonoverlapping cohorts of structural genes which differ in mean level of variation and divergence.
Relative Sensitivities. It is well-known that the sensitivity of conventional starch and acrylamide gel electrophoresis for detection of protein variation can be enhanced dramatically by varying pH, gel pore size, and buffer type as well as by incorporating additional discriminatory factors such as thermal stability (30) (31) (32) (33) . Here, we have compared 2-DGE only to standard "one-pass" gel electrophoretic data.
The observation that native isoelectric focusing (34, 35) and varying the pH of the running buffer (30, 31) will often detect more variation does suggest that one-pass SGE cannot detect all protein variants that are different in net charge (although see refs. 30 and 36). In contrast, carbamoylation experiments (18, 19) and studies of proteins known to differ by only a single charge-change amino acid substitution (17, 37, 38) suggest that 2-DGE can detect all or most variants resulting in a charge change. From these results, one might expect 2-DGE to be at least as sensitive as one-pass SGE for detecting protein differences. Studies of known hemoglobin variants, however, have shown some charge-equivalent substitutions to be distinguishable by SGE (31, 39) . Whether this class of substitutions is detectable in the denaturing conditions of 2-DGE remains to be examined.
To our knowledge, only two direct empirical comparisons of the number of known variants detected by 2-DGE and by one- Relationship between genetic distances (1 -F) observed by 2-DGE and SGE techniques. Each point denotes the comparison between P. maniculatus from Georgia and the indicated species (see Table 1 ). The dashed line represents the expectation if both methods revealed identical patterns and levels of differentiation.
Proc. Natl. Acad. Sci [30] [31] [32] [33] . In the future, it will be ofinterest to apply some ofthese refined techniques to some of the structural proteins now monitored by Applications to systematics What is the potential of 2-DGE as a survey tool for estimating genetic differentiation and systematic relationships? Although Notwithstanding these difficulties, it is apparent from our results .that the relative ordering of genetic distances among related species is highly correlated between the 2-DGE and SGE data sets. Inferences from 2-DGE and SGE about relative evolutionary relationships of these mice species are thus concordant.
Overall, the results of this study are important for several reasons. First, they suggest that the magnitude of structural gene differentiation between species may be less than previously estimated from the suite of mainly enzymatic proteins routinely assayed by SGE. However, the contributions oftechnical bias, relative to inherent differences in classes of proteins assayed, to this observation remain unresolved. Second, although the problems associated with running, scoring, and interpreting the gels may limit general application, 2-DGE can be a useful adjunctive tool in systematics. Third, the results of this study strongly support the use of the simpler and more straightforward SGE techniques to estimate relative genetic divergence; the [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] loci routinely assayed by SGE are apparently reliable indicators of relative divergence at a much larger set of protein-encoding loci.
